The structure and properties of vacancies in a 2 nm Si nano-crystal are studied using a real space density functional theory/pseudopotential method. It is observed that a vacancy's electronic properties and energy of formation are directly related to the local symmetry of the vacancy site. The formation energy for vacancies and Frenkel pair are calculated. It is found that both defects have lower energy in smaller crystals. In a 2 nm nano-crystal the energy to form a Frenkel pair is 1.7 eV and the energy to form a vacancy is no larger than 2.3 eV. The energy barrier for vacancy diffusion is examined via a nudged elastic band algorithm.
Background
As the size of micro-electronic devices continues to diminish the devices are approaching the nano-scale (1) . Although scaling improvement is still possible within the traditional micro-electronics paradigm, (1; 2) there is an effort to move to devices constructed directly from nano-structures (3; 4). Nano-devices can be constructed that function both to fill the roll of existing technology (4; 5) and as novel devices whose performance is dependent upon nano-induced properties (3; 6).
One aspect of device design and manufacture that requires special attention is doping. In micro-electronics the placement and control of dopants has been studied in depth and is continuing to be studied (7) . At the nano-scale dopants behave very differently than in bulk. Quantum confinement limits the possible concentration of some impurities due to an increase in the enthalpy of formation. This is the so-called self-purification effect in nano-structures (8) .
However, by carefully controlling the growth environment it is possible to create selectively doped nano-structures (4; 5; 9; 10). It is unclear whether the dopants that are incorporated during the growth process remain in the active region of the nano-structure because they are kinetically limited, or if they are thermodynamically stabilized by a yet unidentified effect.
The diffusion of impurities depends strongly upon their interaction with intrinsic defects, especially interstitial atoms and vacancies. At the nano-scale it is anticipated that quantum confinement will affect the energy of formation * corresponding author Email address: spbeckman@gmail.com (S. P. Beckman). URL: http://sbeckman.net/scott/ (S. P. Beckman).
2 and migration of intrinsic defects. In addition, the free surfaces, which can move to reduce internal stresses, will also influence the properties of defects.
Understanding diffusion at the nano-scale requires understanding the balance between these two effects.
The density functional theory/pseudopotential methods used here are encoded in the software parsec (11; 12). The real space grid is chosen to be 0.5 a.u. Table 1 . The geometry of the calculated structures are given in Table 2 , using the atomic structure shown in Fig. 2 as a reference.
When the vacancy is located one site from the center, a Jahn-Teller distortion is still present, however, the symmetry of the distortion is different. The local symmetry of the site depends not only upon the nano-crystal's point group, but also the location of the vacancy in the nano-crystal. Because the vacancy is positioned along one of the T d three-fold rotation axis, the local symmetry obeys this three-fold rotation, but most of the other operations of the T d point-group are destroyed. The local symmetry about the vacancy is C 3v . The geometry of the vacancy is given by Table 2 and Fig. 2 , where the center of the nano-crystal is site A. The defect states are shown in Fig. 1 The energies of the vacancy structures reported in Table 1 are directly related to the energies of the occupied defect states and the local symmetry. This is in agreement with published observations of the importance of symmetry in nano-crystals (19) . If the diffusion mechanism for vacancies is limited to site hopping, then in these highly symmetric nano-crystals it is possible to trap vacancies at the center of the nano-crystal. It is also apparent that sites nearer the surface are lower in energy than sites in the interior. When a vacancy is placed within two atomic layers of the surface, around 4 nm, the vacancy is spontaneously pulled to the surface. These calculations are in qualitative agreement with calculations performed on 3 nm Si nano-crystal (20) . It is predicted that the effect of symmetry on the properties of point defects will also be observed in other nano-structures. In particular it is anticipated that vacancies and other point defects in Subtracting the calculated total energy of a nano-crystal with a vacancy from the total energy of a perfect nano-crystal yields the energy of formation for a vacancy plus the energy to add an Si atom to the computational cell. The energy to add an atom is dependent upon the computational method. It is more tractable instead to calculate the relative energy of formation by defining one vacancy structure as the energy zero. By setting the energy of formation for a vacancy in the center of a 1 nm crystal as zero it is determined that the 6 relative energy of formation for a vacancy in a 2 nm crystal is 1.4 eV. For a 3 nm crystal the relative energy of formation is calculated to be no larger than 2.0 eV. The energy of formation in bulk is around 3.7 eV (21). It is deduced that the absolute energy of formation for a vacancy can be no larger than 1.7 and 2.3 eV for 1 and 2 nm nano-crystals. These calculations demonstrate the influence of free surfaces on the energy of formation for point defects in nanostructures. Although it is known that for some classes of defects the quantum confinement, self-purification effect is dominant (8), this is not universally true.
To study the migration barrier for vacancies, a 2 nm crystal centered on a Si-Si bond is examined. The nudged elastic band method is employed to determine the minimum energy path to move a vacancy across the center of the crys- Table 1 The energy of defect states and total energy of nano-crystals containing vacancies.
The defect levels are expressed in eV. The highest occupied, non-localized, state is taken to be the valence band maximum (VBM) and is set to zero. The energy gap of a vacancy free crystal is 2.04 eV. The total energy of the vacancy structures are presented in meV and the D 2d structure is arbitrarily set to zero.
Distances (Å)
Segment D 2d C 3v C s Table 2 The local structure about vacancies with different symmetries. The reference geometry is shown in Fig. 2 and the details of the orientation is given in the text.
Using this computational method the bond-length in the center of a vacancy free nano-crystal is 2.3Å, and the distance between the segments, is 3.8Å.
